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ABSTRACT 
7KHLQWHULRUYLVXDOLQVSHFWLRQRIQXFOHDUSLSHZRUNLVDFULWLFDOLQVSHFWLRQDFWLYLW\UHTXLUHGWRHQVXUH
WKHFRQWLQXHGVDIHUHOLDEOHRSHUDWLRQRISODQWDQGWKXVDYRLGFRVWO\RXWDJHV7\SLFDOO\ WKHYLGHR
RXWSXWIURPDPDQXDOO\GHSOR\HGSUREHLVYLHZHGE\DQRSHUDWRURQOLQHZLWKWKHWDVNRILGHQWLI\LQJ
DQGHVWLPDWLQJWKHORFDWLRQRIVXUIDFHGHIHFWVVXFKDVFUDFNVFRUURVLRQDQGSLWWLQJ+RZHYHULWLV
YHU\GLIILFXOWWRHVWLPDWHWKHQDWXUHDQGVSDWLDOH[WHQWRIGHIHFWVIURPWKHRIWHQGLVRULHQWDWLQJVPDOO
ILHOGRIYLHZYLGHRRIDUHODWLYHO\ODUJHVWUXFWXUH7KLVZRUNGHVFULEHVDQHZYLVXDOLQVSHFWLRQV\VWHP
LQFRUSRUDWLQJ D ZLGH ILHOG RI YLHZ PDFKLQH YLVLRQ FDPHUD DQG DGGLWLRQDO VHQVRUV GHVLJQHG IRU
LQVSHFWLQJLQFKGLDPHWHUSLSHV7KHRXWSXWRIWKHV\VWHPLVDSKRWRUHDOLVWLFPRGHORIWKHLQWHUQDO
VXUIDFHRIWKHSLSHZRUN7KHJHQHUDWLRQRIWKLVPRGHOUHOLHVXSRQDFRUHFRPSRQHQWRIWKHV\VWHP
LQWKHIRUPRILPDJHIHDWXUHH[WUDFWLRQZKLFKHVWLPDWHVFDPHUDORFDWLRQ7KLVSDSHUFRQVLGHUVWKH
DFFXUDF\RIWKLVHVWLPDWLRQDVDIXQFWLRQRIWKHQXPEHUDQGFRQILJXUDWLRQRIWKHH[WUDFWHGLPDJH
IHDWXUHV 
.H\:RUGV9LVXDO,QVSHFWLRQ/DVHU3URILOHU6WUXFWXUHIURP0RWLRQ 
1 INTRODUCTION 
7KHLQWHUQDOYLVXDOLQVSHFWLRQRISLSHZRUNLQWKHQXFOHDULQGXVWU\LVDFULWLFDOLQVSHFWLRQDFWLYLW\WKDW
LVFDUULHGRXWSHULRGLFDOO\WRHQVXUHWKHFRQWLQXHGVDIHRSHUDWLRQRISODQW7KHWHFKQRORJ\XVHGIRUVXFK
LQVSHFWLRQV DUH W\SLFDOO\ UXGLPHQWDU\ DQG SURYLGH D OLYH FDPHUD YLHZ RI WKH LQWHUQDO VXUIDFH ZKLFK LV
PRQLWRUHGE\DQH[SHUWRSHUDWRU,IDVXUIDFHGHIHFWLVLGHQWLILHGWKHRSHUDWRUFDQDWWHPSWWRPDQLSXODWHWKH
SRVLWLRQDQGRULHQWDWLRQRIWKHSUREHWRLPSURYHYLVLELOLW\KRZHYHUWKLVFDQEHFKDOOHQJLQJHVSHFLDOO\ZLWK
GLVWDQFH,QWKLVZRUNDQHZSUREHFRQFHSWLVSURSRVHG8VLQJEHVSRNHKDUGZDUHDQGDQLPDJHIHDWXUH
EDVHG 6WUXFWXUH IURP 0RWLRQ 6)0 DOJRULWKP WKH V\VWHP LV FDSDEOH RI JHQHUDWLQJ D SKRWRUHDOLVWLF
JHRPHWULFDOO\DFFXUDWHVXUIDFHPRGHO7KLVV\VWHPLVGHVLJQHGIRUGHSOR\PHQWLQHPSW\SLSHVDQGDOWKRXJK
WKHDSSOLFDWLRQLVQXFOHDUIRFXVHGLWLVVXLWDEOHIRUDQ\SLSHZRUNHJSUHVVXUHYHVVHOVDQGKHDWH[FKDQJHU
WXELQJZLWKHQRXJKVXUIDFHWH[WXUHWRDOORZWKHSUREHORFDOL]DWLRQV\VWHPWRRSHUDWH 
7KHDFFXUDF\RIWKHUHFRQVWUXFWHGVXUIDFHPRGHOLVDIXQFWLRQRIWKHDFFXUDF\RIWKHHVWLPDWHGSUREH
PRWLRQZKLFKLVFRPSXWHGIURP'LPDJHIHDWXUHV,QWKHWDUJHWDSSOLFDWLRQRISLSHPDSSLQJVXFKIHDWXUHV
WHQG WREH ORZLQQXPEHUDQGQRQXQLIRUPO\GLVWULEXWHGGXH WR WKHXQGHUO\LQJXQLIRUPLW\RI WKHSLSH¶V
LQWHUQDOVXUIDFH7KURXJKVLPXODWLRQWKLVSDSHUSUHVHQWVDV\VWHPDWLFLQYHVWLJDWLRQRIWKHHUURUFDXVHGE\D
QRQXQLIRUP'VSDWLDOGLVWULEXWLRQRIIHDWXUHVRQ WKHUHVXOWDQWHVWLPDWHRIFDPHUDPRWLRQ$FFXUDF\ LV
FRQVLGHUHGDVDIXQFWLRQRIWKHQXPEHURIFRUUHVSRQGHQFHVDQGIHDWXUHFRYHUDJHSDWWHUQDURXQGDFLUFXODU
LPDJHDFTXLUHGE\DILVKH\HOHQV7KLVSDSHULQLWLDOO\SURYLGHVDQRYHUYLHZRIWKHLQGLYLGXDOVXEV\VWHPV
RIWKHSUREHDQGSURFHHGVWRGHWDLOWKHDFFXUDF\HYDOXDWLRQ 
 
2 SYSTEM OVERVIEW 
7KHSUREHFRQVLVWVRIDPDFKLQHYLVLRQ03FDPHUDFRXSOHGZLWKDILVKH\HOHQV7KXVLQDVLQJOH
LPDJHD ޡ FURVVVHFWLRQDOYLHZRIWKHVXUIDFHLVFDSWXUHGZKHUHWKHODWHUDOH[WHQWLVDIXQFWLRQRISLSH
GLDPHWHU  $W WKH FRVW RI LQFUHDVHG VLJQDO SURFHVVLQJ FRPSOH[LW\ WKLV FRQILJXUDWLRQ OHDGV WR TXLFNHU
LQVSHFWLRQV>@>@>@>@LQFRPSDULVRQWRDSSURDFKHVZKLFKXVHPHFKDQLFDOO\VZHSWQDUURZILHOGRI
YLHZFDPHUDV>@7KHFXUUHQWKDUGZDUHSURWRW\SHGHVLJQHGIRULQFKGLDPHWHUSLSHVLVVKRZQLQ)LJXUH
ZKHUHHDFKVXEV\VWHP LVKLJKOLJKWHG7KHV\VWHP LVGULYHQ LQ WZRGLVWLQFWPRGHV LQDOWHUQDWLRQFRORXU
LPDJHFDSWXUHRIWKHVXUIDFHDQGFURVVVHFWLRQDOVKDSHPHDVXUHPHQWFDSWXUH,QWKHILUVWPRGHWKHLQWHUQDO
YROXPHRIWKHSLSHLVLOOXPLQDWHGZLWKKLJKSRZHU/('VWRDFTXLUHDFRORXULPDJHRIWKHVXUIDFH±WKHVH
DUHVXEVHTXHQWO\XVHGIRU6)0SURFHVVLQJ6HFRQGO\WKH/('VDUHVZLWFKHGRIIDQGDODVHUULQJSURILOHULV
DFWLYDWHGZKLFKSURMHFWVDUHGODVHUULQJRQWRWKHSLSH¶VVXUIDFHDQGLQWRWKHILHOGRIYLHZRIWKHFDPHUD
7KURXJKNQRZOHGJHRIWKHULJLGERG\WUDQVIRUPEHWZHHQWKHFDPHUDDQGSURILOHUWULDQJXODWLRQLVXVHGWR
HVWLPDWHWKHJHRPHWU\RIWKHLOOXPLQDWHGFURVVVHFWLRQ6XFKGDWDFDQEHXVHGWRPHDVXUHWKHGLPHQVLRQVRI
ORFDOVXUIDFHGHIHFWVVXFKDVFUDFNVDQGSLWVDQGDOVRJOREDOVKDSHLQWKHIRUPRIIRUH[DPSOHSLSHRYDOLW\
$Q RYHUODS RI DW OHDVW  EHWZHHQ VXFFHVVLYH SKRWRJUDSKLF LPDJH HQDEOHV WKH FDPHUDV PRWLRQ WR EH
FDOFXODWHGZKLFKLVQRWSRVVLEOHZLWKODVHULPDJHVVLQFHRQO\PHDVXUHPHQWVDORQJDOLQHDUHDFTXLUHG ,Q
VXPPDU\WKHSKRWRJUDSKLFLPDJHVDUHXVHGWRFDOFXODWHWKHSUREHVPRWLRQZKLOHWKH 
 
 
ODVHULVXVHGWRPHDVXUHGHIHFWV(DFKLPDJHDOVRKDVDQDVVRFLDWHGWLPHVWDPSDQGRULHQWDWLRQPHDVXUHPHQW
IURPDQRQERDUGLQHUWLDOPHDVXUHPHQWXQLW,08±WKLVGDWDFDQEHXVHGWRDVVLVWWKHLPDJHSURFHVVLQJLQ
DUHDVRIORZVXUIDFHWH[WXUH 
2.1 Laser Image Processing 
$ODVHUSURILOHULPDJHLVVKRZQLQWKHLPDJHRI)LJXUHD1RWHWKDWLQWKHORZHUKDOIRIWKHLPDJH
SDUWRIWKHODVHUOLQHLVQRWYLVLEOHGXHWRDEOLQGVSRWLQWKHFDPHUDVILHOGRIYLHZFDXVHGE\DPHFKDQLFDO
VXSSRUWDUPIRUWKHSURILOHU,QJHQHUDOWKLVOLQHZLOOQRWEHDFLUFOHUDWKHULWZLOOEHDFXUYHGOLQHZKLFK
PD\FRQWDLQGLVFRQWLQXLWLHVGXHWRVXUIDFHGHIHFWV,QRUGHUWRH[WUDFWVXFKDFXUYHIURPWKHLPDJHDUDGLDO
OLQHVHDUFKLQWKHUHGFRPSRQHQWLVSHUIRUPHGWRGHWHUPLQHWKHVHWRISL[HOVFRUUHVSRQGLQJWRWKHODVHU7KH
Figure 1 - Development Probe with sub-systems highlighted 
JHRPHWU\RIWKHODVHUDQGFDPHUDFRQILJXUDWLRQLVVKRZQLQ)LJXUHEZKHUHWKHSLSHUDGLXVLVGHQRWHG
E\UDQGWKHPHDVXUHGSRLQWRQWKHVXUIDFHLV݌௪7KLVDUUDQJHPHQWFRQWDLQVWZRJHRPHWULFSDUDPHWHUVܤDQGșZKLFKDUHQHHGHGIRUWULDQJXODWLRQ±WKHVHFDQEHREWDLQHGWKURXJKFDOLEUDWLRQSULRUWRRSHUDWLRQ
7KHODVHULVHPLWWHGRUWKRJRQDOO\WRWKHRSWLFDOD[LVRIWKHFDPHUDFRUUHVSRQGLQJWRDQDQJOHș ޡ*LYHQ
NQRZOHGJHRIWKHEDVHOLQHܤDQGWKHGLUHFWLRQYHFWRUFRUUHVSRQGLQJWRHDFKODVHUSL[HOWULDQJXODWLRQPD\
EH HPSOR\HG WR HVWLPDWH WKH ' SRVLWLRQ RI HDFK WKHVH SL[HOV 7KH YHFWRU FRUUHVSRQGLQJ WR D SL[HO LV
HVWLPDWHGIURPWKHFDPHUDPRGHOXQLWVSKHUHLQ)LJXUHEGHVFULEHGE\6FDUDPX]]DHWDO>@ 
 
2.2 RGB Image Processing 
,PDJHIHDWXUHH[WUDFWLRQIRUPVDFRUHFRPSRQHQWRIWKHV\VWHP¶VRSHUDWLRQ'XHWRWKHFRPSXWDWLRQDO
H[SHQVHRIRSHUDWLQJXSRQWKH LPDJHGLUHFWO\ LW LVILUVWO\ WUDQVIRUPHGLQWRDVHWRIVDOLHQWSRLQWVZKLFK
HVVHQWLDOO\UHSUHVHQWJUDGLHQWLQIRUPDWLRQLQWKHLQWHQVLW\SURILOHRIWKHLPDJH$IHDWXUHFRQVLVWVRIVXFKD
VDOLHQWSRLQWDQGDOVRDGHVFULSWRUZKLFKHQFRGHVVWDWLVWLFVFRPSXWHGIURPDZLQGRZRISL[HOVVXUURXQGLQJ
Figure 3 ± Feature Extraction on stainless steel pipe. The features lie upon radial lines corresponding to 
linear motion 
Figure 2 - Laser Profiler Image (a) Laser Image (b) Camera Laser Geometry 
(a) (b) 
WKLVSRLQW7KHGHVFULSWRULVXVHGWRLGHQWLI\WKHVDPHIHDWXUHLQRWKHULPDJHV±WKURXJKFRQVLGHUDWLRQRIWKH
'PRWLRQRIIHDWXUHVWKH'PRWLRQRIWKHSUREHPD\EHLQIHUUHG>@7KHIHDWXUHH[WUDFWLRQDQGPDWFKLQJ
SURFHVV IRUPV WKH IXQGDPHQWDO LQSXW WR WKH 6)0 SURFHVVLQJ SLSHOLQH7KH ZLGHO\ XVHG 6FDOH ,QYDULDQW
)HDWXUH7UDQVIRUP6,)7>@ZDVVHOHFWHGIRUSHUIRUPLQJIHDWXUHH[WUDFWLRQLQWKHYLVXDOIURQWHQGRIWKH
V\VWHP$QH[DPSOHRIIHDWXUHH[WUDFWLRQUHVXOWLQJIURPIRUZDUGOLQHDUPRWLRQLVVKRZQLQ)LJXUHWKH
UHGGRWVFRUUHVSRQGWRLPDJHH[WUDFWHGLQWKHILUVWLPDJHZKLOHWKHEOXHGRWVVKRZZKHUHWKHIHDWXUHVPRYH
WRLQWKHQH[WLPDJH$VVXPLQJWKDWWKHFDPHUDPRGHOLVNQRZQQRUPDOL]HGIHDWXUHVݔ෤௜ିଵDQGݔ෤௜PDWFKHGEHWZHHQLPDJHV݅ െ  ?DQG݅PXVWVDWLVI\WKHIROORZLQJFRQVWUDLQW>@ 
 ݔ෤௜ିଵܧݔ෤௜ ൌ  ?       
 
ZKHUHܧLVWKH(VVHQWLDOPDWUL[ZKLFKHQFRGHVWKHULJLGERG\WUDQVIRUP>@ 
 ௜ିଵ ௜ܶ ൌ  ቂܴ ࢚૙  ?ቃ      
 
EHWZHHQWKHWZRLPDJHVZKHUH࢚ ൌ ሾݔǡ ݕǡ ݖሿ்LV'WUDQVODWLRQDQGܴ א ܱܵሺ ?ሻLV'URWDWLRQ$PLQLPXP
RIIHDWXUHVPDWFKHGDUHUHTXLUHGWRHVWLPDWHܧXVLQJWKHQRUPDOL]HGSRLQWDOJRULWKP>@7KHVHUHODWLYH
WUDQVIRUPVDUHPXOWLSOLHGWRJHWKHUWRFRQVWUXFWWKHDEVROXWHSUREHWUDMHFWRU\ 
 
2.3 System Output 
$QH[DPSOHRXWSXWRIWKHV\VWHPLVVKRZQLQ)LJXUHDQG)LJXUH7KHV\VWHPILUVWO\JHQHUDWHVD
SRLQWFORXG)LJXUHDIURPWKHODVHUZKHUHHDFKODVHUULQJLVSODFHGLQ'VSDFHDFFRUGLQJWRWKHFDPHUD
SRVLWLRQVRULHQWDWLRQVFDOFXODWHGIURPWKH6)0SURFHVVLQJ$PHVKLQJDOJRULWKPLVVXEVHTXHQWO\DSSOLHGWR
WUDQVIRUPWKLVSRLQWFORXGLQWRDWULDQJXODUPHVKDVVKRZQ)LJXUHE,PDJHGDWDLVWKHQPDSSHGEDFN
RQWRWKHPHVKWKURXJKDWH[WXULQJSURFHGXUHWRIRUPWKHSKRWRUHDOLVWLFPRGHO7KLVFRQVLVWVRISURMHFWLQJ
WKH YHUWLFHV FRUUHVSRQGLQJ WR HDFK PHVK WULDQJOH LQWR WKH LPDJHV WR JHQHUDWH D VHW RI FDQGLGDWH LPDJH
SDWFKHV7KHSDWFKZKLFKLVPRVWSHUSHQGLFXODUZLWKWKHYLHZD[LVRIWKHFDPHUDLVFKRVHQIRUPDSSLQJ
7KHILQDORXWSXWFRUUHVSRQGLQJWRDOLQHDUVHJPHQWRILQFK/VWDLQOHVVVWHHOSLSHLQ)LJXUHDLV
GLVSOD\HGLQ)LJXUHE7KHWH[WXUHIURPWKHLQVLGHRIWKHSLSHLVYLVLEOHRQWKHRXWHUVXUIDFHWRSURYLGHD
VLQJOHJOREDOYLHZRIWKHGDWDDQGWKXVHDVHRIYLVXDOL]DWLRQ8OWLPDWHO\LWLVHQYLVDJHGWKDWWKH'PRGHO
ZLOOEHGLYLGHGLQWROLQHDUVHJPHQWVZKHUHHDFKVHJPHQWLVWUDQVIRUPHGLQWRDSODQDUVXUIDFHIRUDQDO\VLV 
 
Figure 4 - (a) Laser point cloud (b) Meshed point cloud 
(a) (b) 
  
 
3 FEATURE EXTRACTION PERFORMANCE 
7KH IHDWXUH H[WUDFWLRQ SURFHVV LV DIIHFWHG E\ ERWK WKH FDPHUD¶V RSWLFV DQG WKH PDWHULDO XQGHU
LQVSHFWLRQ 7KH PDWFKLQJ SURFHVV UHOLHV XSRQ WKH SDWFK RI SL[HOV FRUUHVSRQGLQJ WR WKH LPDJH IHDWXUH
GHVFULSWRUKDYLQJDVLPLODUDSSHDUDQFHLQGLIIHUHQWLPDJHV+RZHYHU WKHILVKH\HOHQVLQWURGXFHVDQRQ
OLQHDUZDUSRIWKHVHLPDJHSDWFKHVDVWKH\PRYHDFURVVWKHOHQV±WKLVFDQEHREVHUYHGLQ)LJXUHZLWK
FKDQJLQJVSDWLDOVWHSEHWZHHQVXFFHVVLYHLPDJHV7KHHIIHFWRIWKHILVKH\HOHQVXSRQPDWFKLQJSHUIRUPDQFH
ZDVHYDOXDWHGIRUGLIIHUHQWLQWHULPDJHVSDFLQJXVLQJPPPPDQGPPVWHSV,WLVLPPHGLDWHO\
FOHDUWKDWZLWKJUHDWHUVWHSVL]HWKHDYHUDJHQXPEHURIIHDWXUHPDWFKHVUHGXFHGPDUNHGO\ 
 
6LQFHIHDWXUHVDUHXOWLPDWHO\GHULYHG IURP WKHDYDLODEOH WH[WXUH LQ WKH LPDJHV WKH VXUIDFH ILQLVKRI WKH
XQGHUO\LQJPDWHULDOLQIOXHQFHVWKHSHUIRUPDQFHRIIHDWXUHH[WUDFWLRQ>@,QFDVHVZKHUHWKHPDWHULDOKDV
DKRPRJHQRXVDSSHDUDQFHDQGWKXVDODFNRIJUDGLHQWLQIRUPDWLRQIHDWXUHH[WUDFWLRQSHUIRUPVSRRUO\WKLV
LVFOHDUO\VKRZQLQ)LJXUHZKHUHWKHPDWFKHVDUHPRVWO\FOXVWHUHGLQRQHTXDGUDQWRIWKHLPDJH7KLV
FOXVWHULQJRIIHDWXUHVKDVWKHSRWHQWLDOLQWURGXFHHUURULQWKHHVWLPDWHGSRVH௜ିଵ ௜ܶFRPSXWHGLQWKH6)0
Figure 6 ± Feature extraction as a function of image spatial separation where M is 
the mean number of matches 
Figure 5 - 3D Model (a) 3 inch stainless steel pipe (b) Photorealistic model 
(a) (b) 
SLSHOLQH0DQ\V\VWHPVWKDWKDYHEHHQUHSRUWHGLQWKHOLWHUDWXUHGRQRWKDYHVXFKDPDUNHGLVVXHEHFDXVH
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Figure 7 - Feature extraction on uniform surface leading to clustered features 
Figure 8 ± Image Feature Patterns (a) Local cluster (b) Global cluster 
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Figure 9 - Local cluster 
Figure 10 - Global clusters 
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4 CONCLUSIONS  
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VXUIDFHILQLVKRIWKHPDWHULDOIURPZKLFKWKHSLSHLVFRQVWUXFWHG7KLVLQWURGXFHVHUURULQWRWKHHVWLPDWHG
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